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In Ni-YSZ electrode-supported cells, gas diffusion through the 
electrode support layer can be a major limitation at high H2 or H2O 
utilization and high temperature. Conventionally, higher-porosity 
electrode supports are used to improve diffusion, but this 
diminishes the cell’s structural integrity. Alternative fabrication 
methods like freeze-casting and 3D-printing allow for the creation 
of hierarchical structures with cutouts in the cell surface that 
improve gas diffusion, but these methods require redesigning 
processing procedures to obtain the desired materials properties. 
This work uses laser ablation to pattern cutouts into the electrode 
support after sintering, enabling a novel structure without 
redesigning the entire fabrication process. Current-voltage 
measurements of symmetric Ni-YSZ electrode-supported cells 
with one patterned and one un-patterned electrode demonstrate that 
laser-patterning improves limiting current density and effective 
diffusivity by as much as 30%. Mechanical testing of patterned and 
un-patterned cells demonstrates that patterned cells suffer 
relatively small reductions in fracture strength. 
 
 

Introduction 
 
Solid oxide cells (SOCs) can be an integral part of the future green hydrogen economy 
through the electrochemical production and consumption of hydrogen and hydrocarbon 
fuels (1,2). Reducing the cost of SOC operation relies on the ability to efficiently operate 
at high current densities with high reactant utilization to maximize the fuel produced or 
the electricity generated by each cell. The state-of-the-art SOC technology uses bilayer 
Ni-YSZ (yttria-stabilized zirconia) composite fuel electrodes: a fine fuel electrode 
functional layer (FEFL) to maximize reaction site density and a coarser thick Ni-YSZ 
fuel electrode support layer (FESL), which provides mechanical strength to the cell 
assembly (2). At high current densities, reactant utilizations and temperatures, the rate at 
which gases diffuse through the FESL becomes a performance-limiting factor; thus, 
improving SOC performance requires designing higher-diffusivity fuel electrode supports 
that still provide sufficient mechanical strength (3,4). 
 
     Previous work on improving FESL diffusivity has focused on optimizing conventional 
fabrication methods like tape-casting (4) or ceramic extrusion (5) to achieve higher 
support porosities. Rice determined that the strength of a cermet decreases exponentially 
with porosity – strength is proportional to 𝑒−𝑏𝑝 , where 𝑝 is porosity and 𝑏 is a fitting 
coefficient (6). As a result, conventional high porosity supports are fragile, which 



 

 

impedes their adoption (4). In fact, Yu et al found that the flexural strength for Ni-YSZ 
cermets are in the range of 10 to 175 MPa - samples with a porosity near 25% had a 
strength of roughly 150 MPa, while samples with a 40% porosity had a strength close to 
20 MPa (7). Novel fabrication methods like freeze-casting (8,9), 3D-printing (10), and 
phase-inversion (11-13) have been used to make supports with optimized pore geometries 
and achieve low tortuosity, but such methods require redesigning processing procedures 
and have not always yielded better properties than the baseline (10-12). On the other 
hand, laser-machining of the FESL offers a “drop-in” solution for improving support 
diffusivity. Laser-machining does not require modifications to the pre-existing casting 
and sintering processes and can be used to pattern prismatic cutouts into the support to 
reduce gas diffusion distances. Laser-machining has been previously used to pattern the 
electrode-electrolyte interface of SOCs (14-16), increasing active site density (15) and 
improving charge transport (16) across the electrolyte without inducing undesirable 
microstructural changes (14). Furthermore, Ceres Power has several patents on the use of 
laser-machining to create channels in metallic SOC interconnects (17,18), demonstrating 
the industrial viability of this manufacturing method. This work applies laser machining 
methods to pattern the cermet FESL, demonstrating that laser-patterning can offer 
improvements in limiting current density as large as 30%, while maintaining substantial 
mechanical strength.  
 
 

Methods 
 
     Electrode supported symmetric cells were fabricated by tape-casting the FEFL, FESL, 
and the electrolyte. The FEFL and FESL were tape-cast using slurries with a 1:1 weight 
ratio of NiO (FuelCell Materials) and 8-YSZ (Tosoh) powders, while the electrolyte 
consisted of 8-YSZ with 1 mol% Fe2O3 (FuelCell Materials) added as a sintering aid. The 
FESL additionally used corn starch as a pore-forming agent. All slurries used Menhaden 
fish oil as a dispersant, polyvinyl butyral (B-95 grade) as a polymer binder, ethanol and 
xylene solvents, and a combination of benzyl butyl phthalate (TCW) and polyalkylene 
glycol (TCW) as plasticizers. The powders, solvents, and dispersants were ball-milled 
together for 24 hours, then the binders and plasticizers were added, and then the resulting 
mixture was ball-milled again for 24 hours. These electrode layers were then laminated 
together with 46.5 MPa of pressure at 80 C, punched into disks, and sintered at 1325 C 
for four hours, producing disks of 16 mm diameter and ~700 um thickness. This 
produced an average FESL thickness of 314 ± 11 μm (standard error), an FEFL thickness 
of ~25 μm, and an average electrolyte thickness of ~15 μm, as measured by a Wildscope 
Stereoscopic Optical Microscope. 
 
     After sintering, a LPKF Protolaser R laser cutter was used to cut the as-sintered cells 
into uniform 10 mm by 10 mm squares, as described by Cox (19), and then create four 
different cutout patterns within an 8 by 8 mm square on one side of the cell surface. 
These patterns were differentiated by their cutout and rib widths - P6-2, P6-3, and P6-4 
used 600 μm cutout widths with 200 μm, 300 μm, and 400 μm rib widths respectively, 
while P3-1 used 300 μm cutout widths with 100 μm ribs. Cutout depths were measured 
using an Olympus Laser Confocal Microscope. Figure 1 shows an example of a patterned 
cell from P6-2, highlighting the cell layers and the cutout geometry. 
 
 



 

 

 

 
 
Figure 1.  100x SEM image of a cell cross-section (left) and 5x optical microscope image 
of the cell surface (right). The electrode supports, electrode functional layers and 
electrolyte layers are labeled, as well as the cutout depth, cutout width, and rib width.  
 

TABLE I.  Electrode Support Pattern Specifications.   
Batch Cutout Width (𝛍m) Rib Width (𝛍m) Cutout Area Fraction Cutout Depth (𝛍m) 

6-2 600 200 0.36 140.4 ± 2.7 
6-3 600 300 0.29 97.8 ± 5.5 
6-4 600 400 0.23 161.6 ± 2.1 
3-1 300 100 0.36 136.3 ± 26.3 

 
     Table I shows that there is substantial variability in the cutout depth, which is 
potentially caused by batch variability in FESL densities and cell curvature, which can 
affect the rate of laser ablation and how well the laser is focused on the sample surface – 
this range of cutout depths can affect the electrochemical performance, since cells with 
deeper cutouts could experience improved performance.  
 
     After laser-cutting, the cells were ramped up to 800 ˚C in a humidified mixture of 
95% Ar and 5% H2, then pre-reduced in humidified hydrogen (97% H2, 3% H2O) at 800 
˚C for 24 hours, and then ramped down to room temperature in the same dilute hydrogen 
mixture used for ramp-up. Cells were mounted, ramped up to 600 ˚C in the same dilute 
hydrogen mixture, and then tested in 97% H2, 3% H2O. In each cell test, between four to 
six cells were tested, divided evenly between control cells (un-patterned electrodes), and 
patterned cells (with one patterned and one un-patterned electrode). Cells were tested at 
600 ˚C, 700 ˚C, and 800 ˚C using j-V sweeps (with a maximum applied voltage of 0.4 V 
in both bias directions) using a Squidstat Potentiostat (Admiral Instruments). The cell 
ohmic resistances were calculated from electrochemical impedance spectroscopy 
measurements at these temperatures, also using the Squidstat Potentiostat. 
 
     Cell porosity was determined through backscatter SEM characterization of a polished, 
epoxy-infiltrated cell. 15 mm × 5 mm × 0.7 mm rectangular cell samples were cast, 
sintered, laser-cut, and reduced as described before, to produce 3-point-bend test 



 

 

specimens for the un-patterned and patterned case, which were tested in 3-point-bending 
using the RSA G2 Dynamic Mechanical Analyzer. The flexural stress at fracture was 
calculated from the following formula: 
 

 𝜎 =
3𝐹𝐿

2𝑏𝑑2,          [1] 
 
where 𝐹 is the applied force, 𝐿 is the span length of the 3-point bend setup (10 mm), 𝑏 is 
the beam width (5 mm), and 𝑑 is the beam thickness (~0.7 mm). 
 
 

Results 
 
Electrochemical Analysis 

 
Figure 2 demonstrates how the j-V curve of a patterned cell differs from the j-V curve 

of an un-patterned cell. In a symmetric cell operating in an H2/H2O environment, the 
electrode under positive bias performs the hydrogen oxidation reaction: 

 
𝐻2  +  𝑂2− → 𝐻2𝑂 +  2𝑒−       [2] 

 
     while the electrode under negative bias performs the steam reduction reaction: 

 
𝐻2𝑂 + 2𝑒− → 𝐻2  + 𝑂2−       [3] 

 
     The symmetric cells were tested in a 97% H2-3% H2O environment, so the electrode 
performing the steam reduction reaction will be much more mass-transport-limited, due 
to the dilute steam concentration. Since un-patterned cells are fully symmetric, their 
electrodes perform steam reduction equally well, so switching the applied bias direction 
has a minimal effect on the j-V curve. However, the patterned cells have two distinct 
electrodes, so the j-V performance of the patterned cells depends on the direction of the 
applied bias. In Figure 2, we see that the sample un-patterned cell (from P6-3 at 600 ˚C) 
has roughly the same performance for both bias directions, whereas the sample patterned 
cell from the same batch has substantially improved j-V performance in the negative bias 
direction. In the testing setup used for this study, the negative bias direction corresponds 
to applying a negative bias to the patterned electrode, which results in the patterned 
electrode performing the steam reduction reaction. Thus, we see that the patterned 
electrode enables higher current densities than the un-patterned electrode. 
 



 

 

 
 
Figure 2.  Comparison of the j-V performance for a patterned cell (left) and an un-
patterned cell (right), using sample cells from P6-3, measured at 600 ˚C. 
 

 
 
Figure 3.  j-V performance in both bias directions for all patterned cells at 600 ˚C, for P6-
2 (top-left), P6-3 (top-right), P6-4 (bottom-left), and P3-1 (bottom-right).  
 
     Figure 3 shows the j-V performance in both bias directions for all the batches at 600 
˚C. In all cases, there is an increase in the cell’s current density when under negative 



 

 

applied bias, which corresponds to the patterned electrode conducting the rate-limiting 
steam reduction reaction. Furthermore, the increase in current density appears to be the 
smallest for P6-4, and the largest for P6-2. This could be the result of large rib widths in 
P6-4 impeding in-plane gas diffusivity through the ribs, resulting in unequal gas 
distribution throughout the electrode functional layer, limiting performance 
improvements. Assuming that the reaction resistance is approximately constant, the j-V 
data was fit to the following expression, in terms of the limiting current densities for the 
two biasing directions: 
 

 𝑉 = 𝑗𝑅Ω + 𝐴𝑙𝑛 (
𝑗𝑙𝑖𝑚+

𝑗𝑙𝑖𝑚+−𝑗
) + 𝐵𝑙𝑛 (

𝑗𝑙𝑖𝑚−

𝑗𝑙𝑖𝑚−−𝑗
)     [4] 

 
where 𝑅Ω is the cell’s ohmic resistance (calculated from EIS measurements), 𝑗𝑙𝑖𝑚+ and 
𝑗𝑙𝑖𝑚−  are the limiting current densities in the two bias directions; and 𝐴  and B are 
temperature- and reaction-dependent coefficients fitted to the j-V data. Using the limiting 
current densities calculated from the curve-fitting, the effective diffusivities of H2O in the 
patterned and un-patterned electrodes are calculated at 600 ˚C using the equation: 
 

𝐷𝐻2𝑂
𝑒𝑓𝑓

=
𝑅𝑇𝑗𝑙𝑖𝑚𝐿𝑠

2𝐹𝑃𝐻2𝑂
°         [5] 

 
where 𝐿𝑠 is the thickness of the electrode and 𝑃𝐻2𝑂

°  is the pressure of 𝐻2𝑂 in the system. 
Figure 4 shows the average 𝐷𝐻2𝑂

𝑒𝑓𝑓  in patterned and un-patterned electrodes at 600 ˚C. 
 

 
 
Figure 4.  Diffusivity of H2O in the patterned and un-patterned electrodes for P6-2, P6-3, 
P6-4, and P3-1, as determined from j-V data at 600 ˚C. Error bars represent the range of 
the averaged values. 



 

 

 
Figure 4 demonstrates that the average diffusivity of patterned electrodes is substantially 
better, for P6-2, P6-3, and P3-1, where we get a 34%, 27%, and 34% increase in the 
average effective diffusivity respectively. This demonstrates that laser-patterning the 
electrode support can yield diffusional performance improvements of more than 30%. 
However, the diffusivity difference in P6-4, is within statistical margin of error. This 
matches the qualitative observations from Figure 3, which shows that batch 6-4 has the 
smallest current density increases. 
   
Mechanical Analysis 
 
     The flexural strength of patterned and un-patterned symmetric cell samples was 
calculated from 3-point bend testing and plotted as a Weibull probability plot, as seen in 
Figure 5. All samples had dimensions of 5 mm by 15 mm, and the patterned samples had 
the P6-4 cutout pattern but with substantially deeper cutouts of 192 ± 3 μm (18% deeper) 
to ensure that the diffusional performance would be improved. For both patterned and un-
patterned cells, the data closely fits the Weibull line of best-fit, indicating that the data 
can be represented with a Weibull distribution. From Figure 5, we see that the un-
patterned cells have a higher flexural fracture strengths than the patterned cells, though 
there is some overlap in their Weibull probability distributions. The average flexural 
stress at fracture is 0.105±0.011 MPa and 0.072±0.004 MPa for un-patterned and 
patterned cells respectively, giving a 31% reduction in flexural strength. 
 

 
Figure 5.  Weibull probability plot of the distribution of flexural stress at fracture for un-
patterned and patterned cells tested with 3-point bending. For the patterned cells, the 
patterned electrode was in tension. 



 

 

 
     The symmetric cells porosity for this study was calculated to be 38%. Since the P6-4 
cutout pattern (with extra-deep cutouts) is expected to yield a 20-30% current density 
increase, achieving the same performance improvement through a higher porosity support 
would require making cells with 43% to 45% porosity, based on the Bruggeman relation 
for diffusivity and porosity: 
 

𝐷𝑒𝑓𝑓 = 𝜖1.5𝐷        [6] 
 
where 𝐷 is the diffusivity of the material, 𝐷𝑒𝑓𝑓 is the effective diffusivity of the material, 
and 𝜖 is porosity (20). Based on Yu et al’s findings, going from a porosity of 38% to a 

porosity of 43-45% could result in as much as a three-fold reduction in the cell’s flexural 

strength (7). On the other hand, the patterned cell samples in this study have an average 
strength that is only 30% less than the unpatterned cells, which is much less of a drastic 
change. Thus, laser-patterned electrode supports can potentially provide the high 
performance of high-porosity electrode supports, while maintaining significantly higher 
durability. However, the strength values measured in this study are quite small – the 
flexural strengths of Ni-YSZ cermets measured by Yu et al are over two orders of 
magnitude larger (7). This deviation from the literature could be because the cell samples 
used in this study had an average thickness of 0.73 ± 0.01 mm, while the test specimens 
used by Yu et al were 2.5 mm thick (7) – the thinner samples could be more vulnerable to 
crack propagation and more vulnerable to the microstructural defects present. 
Furthermore, the test specimens used by Yu et al were isotropic, while the patterned and 
un-patterned cells in this study consist of distinct layers laminated together (the electrode 
support, electrode functional, and electrolyte layers), which could result in weak points 
along the interfaces. Thus, further investigation is necessary to identify whether the 
porosity-strength relationships identified in Yu et al’s work are still valid for a 

multilayered SOC, as opposed to a homogenous Ni-YSZ cermet. 
 
 

Conclusion 
 

In this work, electrochemical, mechanical, and microstructural characterization of un-
patterned and laser-patterned Ni-YSZ symmetric solid oxide cells was conducted. Laser-
patterned electrodes consistently enabled higher current densities (near 30% higher for 
three of the cutout patterns tested) than un-patterned cells. Although laser-patterned cell 
samples have lower flexural strengths on average than the un-patterned cell samples 
tested, homogeneously increasing the electrode support porosity (e.g., by increasing 
higher pore-former content) results in much more significant strength decreases for the 
same level of performance improvement. Thus, laser-patterning solid oxide cell electrode 
supports offers a way to achieve large performance improvements at high current 
densities, without substantial compromises on cell durability. 
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